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ABSTRACT 
 
The characterization of electronic properties of metal complexes embedded in 
membrane environments is of paramount importance to develop efficient 
photosensitizers in optogenetic applications. Molecular dynamics and QM/MM 
simulations together with quantitative wavefunction analysis reveal an unforeseen 
difference between the exciton formed upon excitation of [Ru(bpy)2(bpy-C17)]2+ 
embedded in a lipid bilayer and in water, despite the media does not influence the 
charge-transfer character and the excitation energy of the absorption spectra. In water 
the exciton is mainly delocalized over two ligands and the presence of non-polar 
substituents induces directionality of the electronic transition. Instead, when the 
photosensitizer is embedded into a lipid membrane, the exciton size diminishes and is 
more localized at one bypyridyl site due to electrostatic interactions with the positively 
charged surface of the bilayer.	 These differences show that the electronic structure of 
metal complexes can be controlled through the binding to external species, underscoring 
the crucial role of the environment in directing the electronic flow upon excitation and 
thus helping rational tuning of optogenetic agents.  
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Ru(II)-based complexes are powerful photosensitizers with attractive biological and 
medical applications,1-3 including optogenetic cellular control. Recently, it has been 
shown that the complex [Ru(bpy)2(bpy-C17)]2+ (Figure 1A) is able to insert into cell 
membranes and induce alterations in the cell electrical activity4 upon illumination with 
light. Given the potential of optogenetic reagents, the importance of understanding the 
behavior of generated excited species on lipid membranes cannot be understated. 
However, an unequivocal electronic characterization of metal complexes excited states 
is a very challenging task, and even more in a biological environment. The excited 
electron can acquired different degrees of delocalization (also termed the exciton size) 
that not only depend on the chemical structure of the complex5-6 but also on the time 
scale of the experimental measurement.7-8 The need of considering vibrational motion 
and environmental effects in the characterization of the electronic structure of the 
chromophore poses a severe challenge to theory.9-11 This complexity is very well 
represented by the archetype photosensitizer [Ru(bpy)3]2+.12 After light absorption, the 
complex populates a singlet metal-to-ligand charge-transfer state (1MLCT), which 
efficiently goes to a triplet 3MLCT state by intersystem crossing in a ultrafast manner 
(~25 fs).8, 13-14 The long lived 3MLCT state (~600-800 ns) is well characterized as it has 
been found that the excited electron localizes on only one of the bipyridine units (Figure 
1B).7, 15 In contrast, different degrees of delocalization have been reported for the 
initially populated 1MLCT state,7-8, 12, 14, 16-17 likely, due to its very short lifetime (<30 fs), 
which makes it hard to analyze.18  
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Figure 1. (A) Chemical structure of [Ru(bpy)2(bpy-C17)]2+ and dioleoyl 
phosphatidylcholine (DOPC) lipid chains that compose the membrane. (B) Schematic 
representation of the photophysics of [Ru(bpy)3]2+ indicating the possible excited 
electron delocalization lengths (EEDL) for the singlet and triplet electronic states.12  
 
Here we report the first exciton quantification in a Ru-based photosensitizer inside a 
lipid membrane. As an example, we take [Ru(bpy)2(bpy-C17)]2+, as this Ru diimine 
complex has been the first to use in optogenetics.4 We unambiguously characterize the 
exciton length of [Ru(bpy)2(bpy-C17)]2+ formed immediately after electronic excitation 
bound to a lipid bilayer and for comparison in aqueous solution. We show that this 
initial exciton distribution is different in both environments after light absorption. This 
finding is valuable for the rational design of novel Ru-based devices by chemical 
substitutions and by binding to external agents.  
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 Our initial step is the incorporation of the Ru-based photoactivatable molecule into a 
lipid membrane (Figure 1A). The complex was inserted in the membrane by means of 
umbrella sampling classical molecular dynamics (US-MD), in which the whole system 
was described by a force field.19-23 A dioleoyl phosphatidylcholine (DOPC) membrane 
was chosen as model because PC is the major component of biological membranes24 
and ubiquitously used in simulations.25 Subsequent hybrid quantum 
mechanics/molecular mechanics (QM/MM) MD simulations, where the metal complex 
is described by density functional theory (DFT) with the B3LYP functional,26 were 
carried out to refine the classical geometries. For comparison, the Ru complex was also 
simulated in aqueous solution with the same procedure, i.e. classical MD and 
subsequent QM/MM MD simulations (see Section S1 of SI for more details). Our 
simulations show that [Ru(bpy)2(bpy-C17)]2+ partially inserts the aliphatic chain into the 
lipid membrane, leaving the organometallic core exposed to the solvent and interacting 
with the surrounding PC moieties (see Figure 2B). The PC groups of the membrane are 
reorganized to favor electrostatic interactions with [Ru(bpy)2(bpy-C17)]2+. Whereas the 
negatively charged oxygen atoms of the phosphates and ester groups point towards the 
ruthenium coordination sphere, which is positively charged, the ammonium groups are 
projected outwards to avoid electrostatic repulsion. Thus, the cationic metal complex is 
embedded into a pocket that possesses a negative electrostatic potential, represented by 
the blue mesh in Figure 2A.  
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Figure 2. (A) Representative snapshot taken from the QM/MM MD trajectory showing 
the binding mode of [Ru(bpy)2(bpy-C17)]2+ into the membrane. Color code: the regions 
with negative electrostatic potential are represented by the blue mesh, oxygen atoms of 
the phosphate in red the trimethyl groups of PC in grey. (B) Experimental4 and 
computed absorption spectrum of [Ru(bpy)2(bpy-C17)]2+ in water and contribution of 
metal-to-ligand charge-transfer (MLCT) transitions. (C) Computed absorption spectrum 
of [Ru(bpy)2(bpy-C17)]2+ embedded into the membrane and contribution of metal-to-
ligand charge-transfer (MLCT) transitions.  
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As a next step, we computed the UV-vis absorption spectra of [Ru(bpy)2(bpy-C17)]2+ in 
aqueous solution and into the lipid bilayer in order to evaluate the effect of the 
environment. To this aim, 50 snapshots from the QM/MM MD simulations for each 
environment were selected, for which the electronic excitation energies of the 20 
lowest-lying singlet states were calculated using an electrostatic-embedding QM/MM 
scheme. As before, the metal complex is described by the B3LYP functional26, in its 
time-dependent fashion (TD-DFT), and the environment is described by force fields.22 
Further computational details and a discussion about the choice of the electronic-
structure method can be found in Section S2 of the SI. The obtained spectrum in water 
(Figure 2B) shows very good agreement with the experimental one,4 validating the 
employed computational protocol. Noticeably, the shapes of the absorption bands of 
[Ru(bpy)2(bpy-C17)]2+ in water and inside the membrane are very similar, with a mere 
red-shift of 34 meV when going from water to the bilayer (Figure 2C). Such small shift 
agrees with the fact that experimentally this absorption band in [Ru(bpy)3]2+ is also 
vaguely sensitive to the solvent.27 For comparison, the absorption spectrum of 
[Ru(bpy)2(bpy-C17)]2+ was also computed in a pure non-polar environment, by 
completely integrating the complex into the lipid membrane; as expected, no significant 
changes in the shape were observed (see Section S2 of the SI). Figures 2B,C also show 
the contribution of MLCT character to the UV/vis absorption spectrum in both media, 
calculated by an analysis of the transition density matrix28-29 (section S3 of the SI for 
further details). As it can be seen, again, no significant differences were found between 
water and the lipid membrane, indicating that the media does not influence the character 
of the electronic absorption, which is completely dominated by MLCT transitions. One 
would be therefore left to conclude that a water environment is a reasonable description 
of the photosensitizer in the lipid membrane –justifying why many studies of 
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compounds in biological environments begin with a characterization of the relevant 
species in water, as a first and reasonable approximation. This equivalency, as we shall 
demonstrate in the following, is in many cases an apparent fallacy.    
Disgruntled by the similar effect that the lipid and the aqueous environments seems to 
have on the UV/Vis absorption spectrum of [Ru(bpy)2(bpy-C17)]2+, we analyzed the 
excited electron localization paying attention to the chemical structure of the complex. 
To do this, the absorption band was decomposed into different excited-electron 
delocalization length (EEDL) contributions. EEDL is defined here as the number of 
fragments over which an exciton is delocalized.28-29 In particular, we divided 
[Ru(bpy)2(bpy-C17)]2+ into four different fragments, the three ligands and the core Ru 
atom.30 
To our surprise, and contrary to the spectral shape and excited state character, the EEDL 
descriptor, i.e. the delocalization of the exciton, shows significantly changes depending 
on the environment (Figures 3A,B). In aqueous solution, most of electronic transitions 
are delocalized over two ligands (61%), with smaller contributions within one (11%) 
and three ligands (27%). These results are in line with previous simulations where the 
excited electron was found to be delocalized mainly on one or two bipyridine ligands 
due to the break of the symmetry because of the presence of solvent molecules.31 In 
contrast, when the metal complex is embedded into the bilayer, the electronic excitation 
localizes: the contribution of excitations located on only one ligand increases from 11% 
to 25%, delocalization over two ligands decreases from 61% to 40%, and EEDLs over 
three ligands and four fragments barely change. Therefore, when going from aqueous 
solution to the lipid bilayer the chromophore undergoes a net localization of the excited 
electron. The electrostatic interactions between the chromophore and the lipid 
membrane are responsible for this net electronic localization. This effect can be further 
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supported by performing a similar EEDL decomposition of the absorption spectrum 
computed in the gas phase. For the latter, the absorption spectrum is computed from the 
snapshots of the QM/MM MD simulation where the confining membrane has been 
removed. The EEDL decomposition of the gas phase spectrum provides contributions of 
9%, 55% and 35% for delocalizations over one, two and three ligands, respectively, i.e. 
the delocalization length of the exciton increases in the absence of the membrane.        
In order to specifically determine the effect of the aliphatic C17-chain and the 
environment on the directionality of the exciton in [Ru(bpy)2(bpy-C17)]2+, we 
performed a population analysis of the electronic states composing the absorption band 
by computing the contribution of each of the three ligands to the exciton (Figure 3C). In 
aqueous solution, the electronic population on the bpy2 ligand (43%) is significantly 
larger than that on bpy1 (26%) and bpyC17 (31%). In other words, after light 
absorption, electron transfer from the metal to the bpy2 ligand is the most favorable 
electronic transition. Why is this ligand preferred? This preference can be attributed to 
the solvent behavior of the surrounding water molecules. In order to scrutinize this 
effect, we determined the number of water molecules that solvate each of the three 
ligands, considering a solvation sphere of 3 Å along the QM/MM MD simulation. 
Figure 3D shows that, in average, bpy2 is solvated by three water molecules while the 
bpy1 and bpyC17 ligands are solvated by only two water molecules. This means that 
the local polarity of the medium is higher around the bpy2 ligand than around bpy1 and 
bpyC17, and accordingly, electron transfer to byp2 is favored. Such a different local 
environment is triggered by the presence of the aliphatic chain of bpyC17, which 
creates a non-polar hole from which the polar water molecules are excluded. Therefore, 
the ligands closest to the aliphatic chain, bpy1 and bpyC17, are solvated by a smaller 
number of water molecules than bpy2. When the metal complex is embedded inside the 
10 
membrane, a large exciton polarization is transferred from bpy2 (34 %) to bpyC17 
(39%). This can be explained attending to the binding mode of the complex inside the 
lipid bilayer. As represented in Figure 2A, when [Ru(bpy)2(bpy-C17)]2+ inserts into the 
membrane, the bpy1 and bpyC17 are in close contact with the surface of the bilayer, 
which contents the positively charged amino groups of the PC moieties but the bpy2 
points towards the solvent. Therefore, after absorption of light, electron transfer from 
the metal bpyC17 is favored by attractive electrostatic interactions between the excited 
electron and the positively charged membrane surface.                        
 
Figure 3. Decomposition of the lowest-energy band of the UV absorption spectrum for 
[Ru(bpy)2(bpy-C17)]2+ into different excited-electron delocalization length (EEDL) 
contributions (A) in water and (B) into the membrane. (C) Electronic population 
analysis of the different ligands in water and into the membrane. (D) Schematic 
representation of the number of water molecules that solvate the different ligands of the 
complex along the QM/MM MD dynamics.   
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In conclusion, we have rationalized a different excited-state electronic behavior of 
[Ru(bpy)2(bpy-C17)]2+ when it is embedded in a lipid membrane or in water. Upon 
excitation in aqueous solution, the exciton that is created is mostly delocalized over two 
ligands and the aliphatic chain present on one of the ligands generates a local non-polar 
environment with low water concentration. As a consequence the excited electron is 
transferred in the direction opposite to the aliphatic chain, where the local polarity is 
higher. Instead, when [Ru(bpy)2(bpy-C17)]2+ is integrated into the lipid bilayer, the 
electrostatic interactions with the positively charged amino groups of the membrane 
induce two different effects: the excited electron is more localized than in water and the 
electron is transferred preferably to the ligands that are close to the membrane. 
Although the photochemical properties of such complexes and its potential applications 
will also depend on how the initially formed exciton evolves in time, a quantitative 
analysis of the Franck-Condon excited states in the presence of the environment is a 
step forward to help the design of Ru(II)-based photosensitizers in biological media. 
The analysis presented here shows to be sensible to small changes that cannot otherwise 
be easily detected but that will influence the efficiency of the photosensitizer. This 
approach can then be used to quantify the effect that functionalization with non-polar 
substituents or positively charged or electron withdrawing groups will cause in the 
presence of a particular environment, e.g. lipid membranes. Spatial control of excited 
electrons, i.e. directional electron transfer between the excited photosensitizer and 
sacrificial agents, is key in optogenetic experiments as intermolecular electron transfer 
is more efficient when the separation between the units involved in the process is small. 
Therefore, localization of the excited electron on a ‘selected’ moiety of the 
photosensitizer in close proximity of the sacrificial agent by rational design improves 
the electron transfer event. Work along these lines is in progress. 
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